Objectives: Most septic patients are initially encountered in the emergency department where sepsis recognition is often delayed, in part due to the lack of effective biomarkers. This study evaluated the diagnostic accuracy of peripheral blood monocyte distribution width alone and in combination with WBC count for early sepsis detection in the emergency department. Design: An Institutional Review Board approved, blinded, observational, prospective cohort study conducted between April 2017 and January 2018. Setting: Subjects were enrolled from emergency departments at three U.S. academic centers. Patients: Adult patients, 18-89 years, with complete blood count performed upon presentation to the emergency department, and who remained hospitalized for at least 12 hours. A total of 2,212 patients were screened, of whom 2,158 subjects were enrolled and categorized per Sepsis-2 criteria, such as controls (n = 1,088), systemic inflammatory response syndrome (n = 441), infection (n = 244), and sepsis (n = 385), and Sepsis-3 criteria, such as control (n = 1,529), infection (n = 386), and sepsis (n = 243). Interventions: The primary outcome determined whether an monocyte distribution width of greater than 20.0 U, alone or in combination with WBC, improves early sepsis detection by Sepsis-2 criteria. Secondary endpoints determined monocyte distribution width performance for Sepsis-3 detection. Measurements and Main Results: Monocyte distribution width greater than 20.0 U distinguished sepsis from all other conditions based on either Sepsis-2 criteria (area under the curve, 0.79; 95% CI, 0.76-0.82) or Sepsis-3 criteria (area under the curve, 0.73; 95% CI, 0.69-0.76). The negative predictive values for monocyte distribution width less than or equal to 20 U for Sepsis-2 and Sepsis-3 were 93% and 94%, respectively. Monocyte distribution width greater than 20.0 U combined with an abnormal WBC further improved Sepsis-2 detection (area under the curve, 0.85; 95% CI, 0.83-0.88) and as reflected by likelihood ratio and
added value analyses. Normal WBC and monocyte distribution width inferred a six-fold lower sepsis probability. Conclusions: An monocyte distribution width value of greater than 20.0 U is effective for sepsis detection, based on either Sepsis-2 criteria or Sepsis-3 criteria, during the initial emergency department encounter. In tandem with WBC, monocyte distribution width is further predicted to enhance medical decision making during early sepsis management in the emergency department. (Crit Care Med 2019; 47:1018-1025) Key Words: biomarker; detection; diagnosis; Sequential Organ Failure Assessment; systemic inflammatory response syndrome; white blood count S epsis is a leading cause of hospital mortality and is a major financial burden on healthcare systems worldwide (1-3). The initial encounter for the vast majority of sepsis patients occurs in the emergency department (ED) (4) . Delays in the diagnosis and treatment of sepsis are common in the acute care setting due to the lack of detection.
Delays in the timing of sepsis interventions provided during the earliest phases of the disease strongly correlate with adverse clinical outcomes and with higher costs of care (5) (6) (7) (8) . Thus, novel protocols and biomarkers are proposed to enhance the early detection of sepsis in the ED (9) . Regrettably, existing biomarkers are of limited utility for early sepsis detection because they cannot accurately distinguish sepsis from other common conditions encountered in the ED setting (9) (10) (11) .
As infections progress in severity, clinical signs of escalation of the host's immune response become apparent, such as fever, tachycardia, tachypnea, and elevation of the circulating WBC count, collectively referred to as the systemic inflammatory response syndrome (SIRS). During the transition to sepsis, the WBCs also increase in size (12, 13) . A feasibility study recently conducted at a single academic center showed that acute changes in monocyte size, referred to as the monocyte distribution width (MDW), best discriminated sepsis (e.g., compared with neutrophil volume changes) from other acute illnesses in the ED and further suggested that the combined performance of MDW and WBC for early sepsis detection was superior to either MDW or WBC alone (14) . Based on these encouraging preliminary results further developed in a second pilot study that established the optimal MDW cutoff value for sepsis (see Digital Supplement, Supplemental Digital Content 1, http:// links.lww.com/CCM/E574), we prospectively sought to validate the performance of the MDW alone and in combination with the WBC for early sepsis detection in the ED in a large multisite clinical trial.
METHODS

Patient Enrollment
The study, registered with ClinicalTrials.gov (NCT03145428) and approved by the Western Institutional Review Board (protocol number C03747; Puyallup, WA), wherein informed consent was waived, was a blinded, prospective cohort study conducted at three academic centers, such as Hackensack University Medical Center (Hackensack, NJ), The Ohio State University Wexner Medical Center (Columbus, OH), and University of Pittsburgh Medical Center Shadyside Hospital (Pittsburgh, PA). The study enrolled adults, age 18-89 years, whose evaluation included a complete blood count (CBC) with differential upon presentation to the ED. Exclusion criteria were as follows: inadequate blood samples (e.g., analyzed > 2 hr after collection), readmission to the ED within 12 hours, discharged from the ED within 12 hours (i.e., incomplete data for sepsis classification), prisoners, and prior study enrollment. Based on a feasibility trial of similar design (14) , we estimated that a minimum of 250 septic patients were needed for a target sensitivity of 75% with the lower limit of the 95% two-sided CI of 65% and 90% power (15) . The total number of ED subjects recruited depended on the prevalence of sepsis in the trial.
White Cell Volume Determination
All blood samples were analyzed on a UniCel DxH 800 analyzer (Beckman Coulter, Inc., Brea, CA) with Version 3.0 software within 2 hours of collection. This instrument measures specific cell volume variables and the distribution of cell volumes within a group of cells (sFig. 1, Supplemental Digital Content 2, http://links.lww.com/CCM/E575; legend, Supplemental Digital Content 1, http://links.lww.com/CCM/E574).
Validation of the MDW Cutoff Value for Sepsis Detection
The optimal MDW cutoff value for sepsis detection (i.e., > 20.0 U) was previously established in an independent pilot study conducted at the aforementioned sites enrolling 505 subjects (none of whom were included in the present study), of whom 67 met Sepsis-2. More detailed information relating to pilot study demographics and Sepsis-2 and Sepsis-3 subclassifications is provided in sTable 1 ( (14) and from the current study. Namely, none of the pilot study subjects were included in the current study. in compliance with Institutional Review Board approved data storage and analysis policies, such that members of the research team were blinded to the identity of the study subjects. A schematic representation of the honest broker system used for these investigations is provided (sFig. 4, Supplemental Digital Content 10, http://links.lww.com/CCM/E583; legend, Supplemental Digital Content 1, http://links.lww.com/CCM/E574).
Data Abstraction
Clinical Classification of ED Patients
Study subjects were categorized based on the "Sepsis-2" consensus criteria (16) , such as non-SIRS (i.e., zero or one SIRS criterion [SIRS criteria are as follows: WBC > 12,000 or < 4,000 or > 10% bands; pulse > 90; respiratory rate > 20; and temperature < 96.8°F or > 100.4°F]) and no infection, SIRS (≥ 2 SIRS criteria), sepsis (infection plus SIRS) (including sepsis [no organ failures], severe sepsis [sepsis with one or more organ failures], and septic shock [sepsis with refractory hypotension]), and infection but no sepsis (i.e., zero or one SIRS criterion), and based on the Sepsis-3 criteria (17), such as controls, infection, and sepsis (based on Sequential Organ Failure Assessment SOFA (SOFA or SOFA score [sTable 6, Supplemental Digital Content 11, http://links.lww.com/CCM/ E584])] criteria). The presence of infection was determined based on the retrospective chart review of tests performed and clinical data available within the first 12 hours of ED presentation. If no workup for infection was initiated within 12 hours, the patient was categorized as "not infected" by the adjudicator. Test results were extracted from the records 7-10 days later, including cultures, molecular tests (e.g., polymerase chain reaction and antigens), relevant imaging, and tissue pathology (such test results, particularly cultures, were often reported days after admission).
In order to characterize sepsis as being present upon ED admission, sepsis criteria had to be fulfilled within 12 hours of the initial CBC in patients with suspected infection (as reflected by initiation of diagnostic infection workup) and appropriate clinical categorization was verified by expert review of the extracted electronic medical record data by at least two independent investigators at each site. Discordances were arbitrated by a third independent physician reviewer.
Statistical Approach
General descriptive statistics and box plots were calculated for cell population variables. Diagnostic ability was evaluated in terms of the AUC, sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) along with their 95% CIs. The score approach was used to calculate CI for sensitivity, specificity, PPV, and NPV.
The following three independent approaches were used to demonstrate the added value of MDW in comparison to WBC alone: 1) Differences in areas under the curve (AUC): calculated using a one-predictor variable logistic model with WBC and a two-predictor variables logistic model with both WBC and MDW, as the predictor, and using sepsis status as the response. AUC comparisons along with their CIs was calculated as described by DeLong et al (18); 2) Decision curve analysis: The number of true positives (TPs) and false positives (FPs) was calculated from the two logistic models (WBC alone and WBC and MDW). The net benefit for a given probability (p, 0 ≤ p ≤ 1) was calculated for each model as
where n is the total number of subjects and p is the threshold probability. Decision curves (net benefit vs threshold probability) were plotted for each model and compared with each other (19, 20) ; and 3) Posttest predicted probability for sepsis: Pretest predicted probability depends on the physical/clinical conditions of each patient who are within inclusion/exclusion criteria of the trial. The average pretest probability (P 0 ) is the prevalence of sepsis in the trial calculated as 
RESULTS
Patient Demographics
As shown in Figure 1 , 2,212 patients were screened, of whom 54 patients were excluded due to inadequate sample collection, prior enrollment, prisoner status, or screening errors. Thus, 2,158 were ultimately enrolled, of whom 385 patients met the diagnosis of Sepsis-2 (17.8% prevalence) and 243 patients met Sepsis-3 criteria (11.3% prevalence). Patient demographics and preexisting medical conditions likely to predispose for sepsis are provided in Table 1 , and details of the probable infectious causes of sepsis are provided in sTable 7 (Supplemental Digital Content 12, http://links.lww. com/CCM/E585) and sTable 8 (Supplemental Digital Content 15, http://links.lww.com/CCM/E588). Of the 385 Sepsis-2 patients (74% sepsis, 22% severe sepsis, and 4% septic shock), 86% had bacterial cultures performed, of which 43% were positive.
MDW for Sepsis Detection
The MDW values, represented as box plots (Fig. 2) , were significantly higher in the sepsis group, regardless of the sepsis criteria used. Analysis of area receiver operating characteristic (ROC) curves for Sepsis-2 and Sepsis-3 is shown in Figure 3 , A and B, respectively. The MDW performance for sepsis detection was not influenced by gender (sFig. (Fig. 3C); 2) The WBC and MDW model showed greater benefit in comparison to the WBC alone model particularly when the risk of sepsis was in the range of 5-80%, as was observed in the ED patient population (Fig. 3D) . Likewise, the pretest probability of Sepsis-3 in the ED cohort was 11.3%, at which MDW added value to WBC for Sepsis-3 detection based on the separation of curves (sFig. 6, Supplemental Digital Content 14, http://links.lww.com/CCM/E587; legend, Supplemental Digital Content 1, http://links.lww.com/CCM/E574); and 3) An abnormal WBC result increased the probability of a patient having or developing sepsis to 44.7% when the pretest probability was 17.8% (the prevalence of sepsis in the clinical study), with a LR+ of 3.7 (LR+ = sensitivity/1−specificity). The posttest probability increased to 63.5% when both WBC and MDW were abnormal, with an LR+ of 8.0. Conversely, a normal WBC test was associated with a 7.9% sepsis risk and, when both WBC and MDW were normal, further reduced to 2.9% (six-fold lower than the pretest probability). Finally, compared with abnormal SIRS criteria alone, the combined performance of abnormal MDW and SIRS criteria increased the LR+ for sepsis from 12.3 to 36.8 ( Table 2) . 
Predictive Capacity of MDW for Infection to Sepsis Transition
Added Predictive Value of MDW for Infection Relative to WBC Alone
The first step in the detection of sepsis in the ED patient population is to establish the probability of infection. We evaluated the added benefit of MDW relative to WBC alone for the detection of all infections during the first 12 hours of ED admission (i.e., infection + Sepsis-2). Based on abnormal WBC alone (WBC ≥ 12 or < 4), the probability of infection was 36.7%. When both WBC and MDW were abnormal, the probability of infection increased to 57.6%. Conversely, when WBC was within the normal range, the probability of infection was 12.0% and further decreased to 7.9% when both MDW and WBC were within the normal range. Thus, abnormal MDW is associated with a higher probability of infection at the time of ED admission.
DISCUSSION
This multicenter clinical trial validated the results of a recent single-site feasibility trial (14) that were further developed in a multisite pilot study (see Digital Supplement, Supplemental Digital Content 1, http://links.lww.com/CCM/E574) demonstrating that the MDW alone was effective for the early detection of sepsis in the ED regardless of the diagnostic sepsis criteria used. Early detection has important implications for the initiation of standardized sepsis care bundles, wherein strong correlations exist between delayed treatment and higher mortality (8) . This study further showed that incorporation of MDW into clinical decision making would likely enhance the clinical utility of the WBC and other SIRS criteria for early sepsis detection in the ED based on statistical decision curve analyses.
Relative to the prior feasibility study, which was inclusive of all ED patients, this study was enriched for ED patients with greater acute illness severity, as reflected by admission to the ED and/or hospital for at least 12 hours after initial CBC testing. This aspect of the study design was necessary for the proper classification of sepsis in all study subjects and explains the relatively high prevalence of sepsis (17.8%) in this trial compared with prior ED sepsis studies (14, 21, 22) . Given that most sepsis patients benefit from hospital admission for the delivery of standardized care (8) and many patients who were initially characterized as infected, nonseptic subsequently progressed to sepsis, we submit that this ED patient subpopulation was most appropriate for sepsis biomarker evaluation.
The guiding principle during the development of sepsis diagnostic criteria is to identify reliable and convenient variables by which potentially life-threatening infections are readily detected in the clinical setting. The foundation of all sepsis definitions, from Sepsis-1 to Sepsis-3, rests on the activation of the host's immune response during the transition from a localized inflammatory response to a systemic immune response, as indicated by the mobilization of circulating immune cells (elevated WBC) and clinical manifestations, such as hyperthermia, tachycardia, and tachypnea, comprising the SIRS criteria. SIRS reflects the systemic release of proinflammatory cytokines regulating the host's immune response to pathogens (23, 24) . Unfortunately, SIRS is a manifestation of many other acute noninfectious illnesses confronted in the ED setting. Indeed, in this trial, the prevalence of sepsis-related SIRS was equivalent to other noninfectious causes of SIRS in the ED population. Thus, SIRS criteria are of limited value for sepsis detection due to poor specificity. The concept of monitoring changes in the morphology of circulating immune cells as an early sign of infection has been previously recognized. In response to microbial "danger signals" (e.g., bacterial endotoxins), circulating immune cells, particularly monocytes, and neutrophils are rapidly activated, as reflected by changes in their size and shape (12, 13) and the release of chemokines and cytokines in order to, respectively, recruit and activate other immune cells (25, 26) . Another possible explanation is that sepsis provokes the release of larger, immature monocytes (e.g., monoblasts) into the circulation (27) . Regardless of the mechanism, increased immune cell size during severe infections likely precedes the onset of SIRS, as indicated by the observation that elevated MDW predicted progression from infection at ED admission to Sepsis-3 within 72 hours 71% of the time.
The MDW biomarker is predicted to provide added value to current sepsis detection protocols. A CBC with differential is routinely obtained in most patients presenting to the ED to screen for acute illness and guide the clinician while generating a differential diagnosis, including decisions to pursue a diagnosis of sepsis. The WBC serves as a current laboratory standard for the initial detection of severe infections, wherein an abnormal WBC is ~88% sensitive for sepsis detection, but its specificity for sepsis detection is low. In this study, it was shown that MDW enhanced the performance of WBC for early sepsis detection based on the following three different statistical approaches: 1) differences in the AUC, 2) probability and likelihood ratios, and 3) a statistical "added value analysis." In contrast to currently available biomarkers of sepsis, such as procalcitonin, C-reactive protein, and lactic acid, which are typically used to confirm the presence of sepsis after the initial patient encounter in the ED (28), the MDW could be automatically reported with the CBC and differential to serve as means of sepsis detection during the initial ED encounter.
Another important finding of this study was the demonstration of enhanced detection of sepsis based on the new Sepsis-3 definition (17). Relative to Sepsis-2, Sepsis-3 is a more advanced phase of systemic infection associated with organ failures and higher mortality risk (29) . As shown in Figure 3 , the detection of Sepsis-3 based on an MDW of greater than 20.0 U was comparable to the performance for Sepsis-2 (AUC = 0.73 vs 0.79 for Sepsis-3 vs Sepsis-2, respectively) and early detection of Sepsis-3 has important implications for prioritizing the care of community-acquired sepsis (30) .
Finally, we acknowledge limitations of this study. For instance, the nature of the infectious agent could have important implications for the MDW response. However, in vitro studies show that a wide variety of microbial antigens, representing diverse pathogens, are capable of rapidly inducing monocyte activation (31) and this study included an array of sepsis etiologies, including bacterial, viral, and fungal (sTable 3, Supplemental Digital Content 5, http://links.lww.com/ CCM/E578). Thus, it is likely that MDW detects a broad spectrum of microbial pathogens causing sepsis. Another potential limitation is the added value analysis of MDW performance compared with WBC alone for sepsis detection, which does not consider all clinical input (e.g., other SIRS criteria, patient history, and examination findings) that could potentially influence the early detection of sepsis by ED healthcare providers. Prospective clinical utility studies are required to confirm the added clinical value predictions provided herein.
CONCLUSIONS
Changes in the volume of peripheral blood monocytes, specifically an increase in MDW, effectively identifies septic patients and infected patients who are at increased risk for progression to sepsis in the ED. In conjunction with the WBC, as components of the CBC with differential, the performance of MDW further improves and is predicted to enhance healthcare decisions relating to the early detection and treatment of sepsis in the ED.
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